Abstract-We discuss the design, fabrication, and measurement of a large area stitched gyroscopic coil, reporting waveguide loss, including 100 stitches over 3 m, of 0.78 dB/m and crossing loss of 0.0156 dB/crossing for a predicted ARW of 69°/hr/ √ Hz.
its enclosed area, lead to large area coils. To this end, in this letter we stitch multiple die together to fabricate a large area ULLW gyroscope coil.
Previous waveguide based gyroscopes have utilized resonant ring waveguides (RMOGs, resonant micro-optic gyros) to amplify their sensitivity. They surpass FOGs performance in cost and size. However, they are limited in sensitivity, specifically at low rotation rates. For active RMOGs, this limit is created by the lock-in effect. Below a certain rotation threshold, feedback between the two counter propagating signals locks their phase together, so a rotation cannot be measured. In passive RMOGs coherent feedback from scatterers, facets, or simply sidewalls reduces sensitivity [5] . This is bypassed in non-resonant gyros by using ASE sources, or even swept laser sources [12] . The ultimate goal of a coil based gyroscope is to leverage the cost and size benefits of traditional waveguide based gyroscopes, without the inherent limits in sensitivity.
Other waveguide platforms have comparable loss to the Si 3 N 4 ULLW platform, achieving losses below 0.1dB/m [4] . However, only the Si 3 N 4 platform has other requisite components developed a delay line based gyroscope, including waveguide crossings and active integration.
II. DESIGN A. Coil and Waveguide
The area for our coil is determined by the area of four lithography masks. Initial calculations, following [2] , indicate a large coil (∼3-10m) is optimal. The coil consists of a 3m spiral, starting at a 20mm radius and ending at an 18.75mm radius, with a waveguide spacing of 50µm, turning 25 times. The waveguide then exits the coil with straight crossings as seen in Fig. 1b) . As there are 25 turns, our coil has 25 crossings spiraling in and then 25 more crossing out, for a total of 50. Additionally, this large scale device is separated into 4 lithography masks, generating 100 stitches throughout the total spiral propagation distance.
In utilizing an ULLW for large area delays for high sensitivity gyro applications, the waveguide cross-section must be carefully chosen as it significantly impacts the resulting waveguide loss, bend radius limitation, and waveguide crossing loss [3] , summarized in Table I . The dimensions of the waveguide structure are given in the crosssection schematic shown in Fig, 1 . The upper cladding thickness was chosen based on its impact on the mode shape with regard to bend loss and coupling to adjacent guides. The program FIMMWAVE was used to generate the mode profile, and then the interface scattering was calculated as in [3] , using typical values for roughness and 1041-1135 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. Fig. 1 . A cross section of the waveguide geometry and an overhead view of the fabricated coil illuminated with a red laser (wavelength of 650 nm), measuring 50mm by 42mm in entirety. The waveguide geometry for the coil has t1 = 40nm, w = 7µm, and t2 = 5µm. The schematic diagram is not to scale.
correlation length for the surface and sidewall roughness, 0.1nm and 3nm respectively. The scattering calculation estimates 0.26dB/m loss. A large polarization extinction is desired between modes to minimize nonreciprocities in the coil [5] . The high aspect ratio waveguides create modal size differences between TE and TM light, causing TM light to have much greater bend loss [3] . By including several bends near the TE bend limit, we can extinguish the TM light and create a large extinction between the TE and TM modes.
B. Crossings
The crossings can be evaluated as straight-straight crossings, as the radius is large enough that it introduces a perturbation to the mode on the order of 10 −6 change in the effective index. An image of the crossing is shown in Fig. 2 . Simulating these crossings in Lumerical FDTD yields a crossing loss of 0.02dB/crossing. Over the 50 crossings this generates an estimated 1dB of loss.
C. Stitches
A stitch in a waveguide is produced when the edges of two die meet on a wafer. The die alignment is not perfect, and an offset is produced, shown in Fig. 3 . Tests of the lithographic alignment yield a stitching error of 50nm. This is consistent with the alignment accuracy reported for our stepper. This represents a much smaller perturbation than a waveguide crossing, so we expect the loss and reflection of a stitch to be negligible. Stitches with a 50, 100, and 150nm offset were simulated in Lumerical FDTD. The simulations yielded, respectively, 0.006, 0.011, and 0.016dB of loss per stitch. 
III. FABRICATION
Processing begins with the growth of 15µm of thermal SiO 2 for the lower cladding on a 0.5mm thick 100mm diameter silicon wafer. The Si 3 N 4 core is then deposited using low pressure chemical vapor deposition (LPCVD), performed by Rogue Valley Microdevices. We use an ASML PAS 5500 DUV stepper to define the core with 4 separate masks exposed in succession. The core is then dry etched with a CHF 3 , CF 4 , and O 2 mixture. After cleaning and inspection optically and with SEM, the SiO 2 upper cladding is deposited with plasma enhanced chemical vapor deposition (PECVD) at 300°C. The entire wafer is then annealed in an oxygen environment, for 7 hours at 1050°C. The upper cladding deposition and anneal are performed twice, leading to a total of 5µms of upper cladding. The coil is then diced and tested.
IV. RESULTS

A. Waveguides
Due to their low loss, the widely used cutback technique cannot be utilized, as the facet coupling non-uniformity due to device dicing is larger than the magnitude of loss itself for most reasonably sized test structures. Thus, we leverage a waveguide loss measurement technique based on optical backscattered reflectometry (OBR). A full description of this type of measurement and analysis is given in [3] . In the case of the large area stitched coil, this measurement will include the stitches, crossings, and additional scatterers in the measurement. Such a trace is shown in Fig. 4 , for both TE and TM polarizations. The TM light experiences much higher loss and is essentially eliminated tens of centimeters into the coil, the remaining noise floor is the TE light that wasn't eliminated by the polarization rotator. There is a 25dB extinction between the two modes after less than 50cm of propagation.
Fitting a slope to the TE plot in Fig. 4 , yields the wavelength dependent loss, shown in Fig. 5 . The increased loss at lower wavelengths is due to the hydrogen present from the PECVD oxide [9] . At higher wavelengths the curve flattens, which our model indicates is a result of scattering loss. Taking the crossing loss result from the next section, we can separate the crossing loss from the waveguide propagation data, to effectively reduce the loss at all wavelengths by 0.26dB/m. Such a subtraction gives us a lowest-case propagation loss 0.78dB/m at 1595nm. It is important to keep in mind that this value still includes the loss incurred by the DUV reticle stitching process. Over the 3 meters of the coil the waveguide, stitching, and other miscellaneous scatterers contribute a total of 2.34dB of loss.
This method can't be used to measure the propagation loss of the TM mode, as it is lost too quickly to be separated from the reflection peak. A through measurement of the coil yields a 35 dB difference in power for the TM and TE modes, which is the extinction limit for the polarization rotator used.
B. Crossings
The waveguide crossing loss was measured on a separate set of test structures located on the same processed wafer as the waveguide coil. Here we employed adjacent straight waveguides with varying numbers of waveguide crossings to simulate the cutback method of measurement. A linear fit is then performed to extract the loss per crossing.
From Fig. 6 , we can extract the crossing loss as 0.0156dB/crossing, close to our simulated value of 0.02dB/crossing. We can calculate the total penalty generated from crossings found within our stitched delay coil. Counting the 50 crosses of the entire coil, we have a crossing penalty of 0.78dB.
C. Stitches
FDTD simulations predict a 0.006dB loss per stitch with a 50nm offset. A similar cut-back style structure such as the one used for the waveguide crossings is impossible as the minimum stitching length is 1mm, a limit of the stepper, and the structure would require several hundreds of stitches.
Instead we turn to our waveguide loss measurements and simulations. The highest our stitching loss could conceivably be is 0.023 dB/stitch, if we were to assume the waveguide is otherwise loss-less. If instead we take our waveguide loss to be equal to our simulation value, we find our stitching loss to be 0.016 dB/stitch. Considering this value is slightly larger than our crossing loss, which represents a much greater perturbation to the propagating light, it is probable the stitching simulation is much more accurate than the waveguide scattering simulation, and that the value is closer to 0.006dB. This is additionally supported by the accuracy of the crossing loss simulation and the fact that the stitches are not visible in the OBR trace.
V. DISCUSSION
The total loss of the coil is 4.8dB, taking into account waveguide, stitching, crossing, and coupling loss, which have been separated as in Fig. 7 .
The ultimate evaluation of the coil is how it performs as a rotation sensor. We evaluate this using the calculation described in [2] ], shown in Fig. 8 . We assume an ASE source with 100mW of optical power before being coupled to the coil, with a RIN of -128dBc/Hz.
The coil's current length allows for an angle random walk (ARW) of 69°/hr/ √ Hz. From the plot it is seen that our coil is quite short and the sensitivity can be improved greatly by increasing the length of the coil. The optimum ARW is 28°/ hr/ √ Hz and occurs at 15m. State of the art RMOGs can theoretically achieve on the order of 10°/hr/ √ Hz [13] , [15] , with a smaller footprint. For comparison, we calculated the sensitivity of a coil with state of the art loss of 0.1dB/m, and use the maximum length with the same footprint of 30 meters. This results in an ARW of 8.5°/hr/ √ Hz. To improve upon this value further requires increasing the length within the same footprint.
VI. CONCLUSION
We reviewed the design and characterization of a large area gyroscopic coil. We measured a crossing loss of 0.0156dB/crossing in close agreement to simulations. The waveguide and stitching loss prove very difficult to separate, but sum together to give 0.78dB/m with 100 crossings over 3 meters. It seems very likely that the stitching loss is close to the simulated value of 0.006dB/stitch and the waveguide loss is near 0.58dB/m. These values taken together yield a predicted ARW of 69°/hr/ √ Hz. As the length of the coil increases, the inner radius of the spiral structure is reduced and this reduces the effectiveness of the coil. As future work, this reduction could be combated with multiple waveguide layers, allowing for increased length and maximizing the area of the coil. Low loss and broadband vertical couplers have been demonstrated with this platform [9] .
